The biochemical process of photolyase enzyme attachment to ultraviolet (uv) absorbed DNA molecules provides a mesoscopic method for registering whether a source has emitted photons or not. Using phenomenological laws of chemical kinetics and related experimental methods we argue that in this example of quantum measurement, the instant from which a definite outcome is recorded in a stable and discernible form is empirically determinable. This is possible because one can retrodict from relevant data when the photolyase attachment to uv-absorbed DNA molecules began. Thus the instant from which a discernible heterogeneity (mixed state) has started setting in an initially homogeneous (pure state) ensemble is shown to have an objective (observer -independent) significance. How to accommodate within quantum mechanics the physical reality of the onset of such a transition is an intriguing issue since unitary quantum dynamics does not allow for the emergence of a mixed state from a pure state.
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---If a system is initially in a state ψ(ψ = aψ 1 +bψ 2 ) which is a superposition of two states ψ 1 and ψ 2 that are eigenstates of a dynamical variable which is to be measured, then a general characteristic of interaction with a measuring device is that the final combined state has the form
where Φ 1 and Φ 2 are mutually orthogonal and macroscopically distinguishable states of the device. It is an ineluctable feature of linear unitary quantum mechanical description of any measurement process that the final state of system plus measuring apparatus has the entangled superposed form given by Eq.(1), even after the interaction is over.
Origin of the much discussed measurement problem (1) (2) (3) (4) (5) (6) (7) (8) lies in the meaning of a pure state wave function like Eq.(1) in quantum mechanics which gives rise to the question of how to reconcile a wave function of the form (1) with the occurrence of a definite outcome in a measurement. Each member (comprising system plus apparatus) of the final ensemble described by a pure state Ψ of Eq. (1) is in the same state Ψ. This means that the corresponding ensemble is homogeneous whose members are indistinguishable. On the other hand, definite outcomes of measurement entail that different outcomes are distinguishable. Thus measurements culminate in the final ensemble of system plus apparatus which is necessarily heterogeneous. However, a heterogeneous ensemble is represented by a mixed state in quantum mechanics and within standard quantum mechanics under no unitary time evolution a pure state can evolve into a mixed state [see, for instance, (7), pp. 87-88]. This, in a nutshell, is the quantum measurement problem which, in the words of Weinberg (9) , is "the most important puzzle in the interpretation of quantum mechanics." Schemes confronting the measurement problem are of two categories : (a) models or interpretations (10) (11) (12) (13) (14) (15) which leave the mathematical formalism of quantum mechanics unmodified but introduce new elements into the conceptual framework; (b) models (16) (17) (18) (19) which modify the mathematical formalism (preserving the usual results of the standard formulation in its empirically verified domain) in order to provide a dynamical description of a measurement process in terms of an actual transition from a pure to a mixed state (the so-called "collapse of a wave function"). A crucial ingredient in any such approach is the notion that a measurement outcome has a definite objective reality in the sense that once actualised, it remains "out there" so that it can be inspected by any observer at any subsequent instant without perturbing the outcome. This therefore requires a precise specification of at what stage a measurement outcome is actualised in a stable and discernible form.
The above-mentioned schemes use different ad hoc criteria for specifying this stage. However, no experimental method is yet known which can provide empirical clues for judging the validity of such a criterion. On this question the present paper indicates a new direction of study by using biomolecules and their relevant properties.
The specific example considered in this paper pertains to ultraviolet (uv) absorption by DNA molecules which develop new covalent bonds at certain sites leading to a global readjustment of atomic positions. The average displacement of an individual atom at such a damaged site is about 2−3×10 −8 cm, resulting in an interesting biochemical feature, viz. the nearby photolyase enzyme molecules get preferentially attached to the damaged sites in the uv exposed DNA. That such an example provides an illustration of the quantum measurement problem was earlier pointed out by us (20) . Since a uv-damaged DNA molecule attached to photolyase records measurement information in a way that can be inspected at will at any arbitrary instant without perturbing the outcome, it is similar to an usual readout device registering a measurement outcome. In the present paper we give a sharper twist to this example by using appropriate features of chemical kinetics associated with the biochemical process of photolyase enzyme attachment to uv-absorbed DNA molecules. We argue that it is possible to find out retrodictively when the enzyme attachment process began (say, at t 0 ). This corresponds to the instant from which the relevant measurement outcome (viz. that a source has emitted photons) is recorded in a stable and discernible form. That is, if one chooses to make a measurement at any t ≥ t 0 , some DNA molecules can always be found attached to photolyase thereby indicating that uv photons had been absorbed. However, within the framework of standard quantum mechanics no physical significance can be associated with t 0 in a way that signifies the onset of a genuine transition from a pure to a mixed state. Thus our example helps to bring out the quantum measurement problem in an empirically significant precise form.
The measurement under consideration is as follows. Given a source which has a probability of emitting a pulse of, say, 10 9 γ photons, the measurement in question is designed to find out not only whether or not the source, left to itself for a certain time, has emitted a pulse but also if a pulse is emitted, one can find out which instant onwards the information about the pulse emission has been recorded. In the first stage, the emitted pulse of 10 9 γ photons interact with a pure CsI crystal producing a pulse of 10 15 uv photons (the reason for choosing this size of the pulse is basically for convenience in order to outline a feasible experimental arrangement as explained later). This output pulse is, however, a transient event which in itself cannot constitute a stable record of measurement information; hence these uv photons are made incident on an aqueous solution of DNA mixed with photolyase, which then complete the measuring arrangement.
The combined state of source plus detecting device in such a measuring arrangement is given by
where ψ e , ψ 0 denote states of the source corresponding to emission and no emission and Φ A , Φ 0 denote photolyase attached and not attached states of DNA respectively. Note that | a | 2 , | b| 2 denote respectively the probabilities of the source emitting or not emitting photons within the specified time interval. While writing Eq.(2) we assume that the aqueous solution in this detecting arrangement comprises sufficient number of DNA and photolyase molecules so that in the event of the source emitting photons, a detectable number of DNA molecules absorbing the photons get attached to photolyase through a time-evolving chemical process. Here the role of photolyase is crucial for creating macroscopically discernible states Φ A , Φ 0 . There could be other methods employed to distinguish between uv damaged and undamaged DNA (e.g., using nuclear magnetic resonance, x-ray crystallography or other enzymes) , but for our purpose here the use of photolyase is quite suitable.
As we had argued earlier, Eq. (2) (a specific case of Eq. (1)) does not in itself constitute a "complete" description of the registration of a measurement outcome. If one accepts the "completeness" of a wave function in describing the state of a system in an objective sense, then an additional hypothesis of collapse of a wave function from a pure to a mixed state is required in order to account for the recording of a measurement outcome. At which precise stage this putative transition occurs is a contentious issue. In our specific example two different viewpoints (21) are possible :
(a) The collapse of a pure state wave function (Eq. (2)) to a mixture of two states ψ e Φ A , ψ 0 Φ 0 occurs only when an observation is made by an external means to find out whether some DNA molecules have got attached to photolyase .
(b) Collapse of the wave function (Eq. (2)) into the mixture ψ e Φ A , ψ 0 Φ 0 occurs at the instant t 0 when one or more DNA molecules in the solution start getting attached to photolyase, independent of whether any observation is made. This is based on the notion that at t 0 an actual heterogeneous ensemble corresponding to a mixture of states begins to form from an initially homogeneous ensemble. Hence t 0 has an objective significance that needs to be reflected in the corresponding change of the wave function.
We shall now argue that since it is possible to find out from the relevant empirical data the instant photolyase attachment to DNA began, the viewpoint (a) is questionable. How to accommodate the viewpoint (b) within the dynamical models of wave function collapse in the context of the example considered here needs to be explored in detail. Even for models addressing the measurement problem without using the idea of wave function collapse, this type of experiment should provide useful constraints about specifying the stage at which a measurement outcome is recorded. Specifics of the experimental scheme are as follows.
The rate of formation of uv-damaged DNA-photolyase complex (instantaneous concentration denoted by [P S] t ) depends on the instantaneous concentrations of uv-damaged DNA sites [S] t and free or unbound photolyase [P ] t according to the second order rate law
where [P ] t = P 0 − [P S] t with P 0 being the initial concentration of photolyase, [S] t = S 0 − [P S] t with S 0 being the total number of uv-damaged DNA sites produced and k is the second order rate constant. The phenomenological basis of Eq.(3) is random collision between biomolecules (in our example, uv-damaged DNA and photolyase) as a result of the diffusion process in aqueous solution. It has been experimentally well-studied (22) that the uv-damaged DNA-photolyase complex formation obeys Eq. (3) and for such a system k ranges from 1.4 × 10
An integrated form of Eq. (3) is given by
which expresses the time elapsed (t − t 0 ) from the onset of the reaction at t = t 0 in terms of the initial concentrations S 0 , P 0 and the instantaneous concentration [P S] t .
We shall now indicate the way Eq.(4) can be used for designing an optimal experimental arrangement that would permit us to estimate the time at which the attachment of photolyase to the uv-damaged DNA molecules began (the instant t = t 0 of Eq. (4)). Typically, a certain fraction of the uv-exposed DNA molecules will be damaged by the actual absorption of uv photons. Photolyase molecules moving about randomly in the aqueous solution will recognise the uv-damaged DNA molecules and get attached to the specific sites. Thus [P S] t increases gradually with time, reaching a plateau after a certain time following Eq.(3). For our purpose, the relevant parameters P 0 , S 0 need to be chosen such that sufficiently long period elapses before the plateau region sets in. This will enable one to withdraw a number of aliquots from the sample mixture and determine the fraction of photolyase attached to uv-damaged DNA sites at various time points.
The absorption of uv radiation by DNA results in formation of what is known as a pyrimidine dimer which is responsible for chemically attracting the nearby photolyase molecules. The absoption of radiation follows Beer's law
where I 0 is the incident intensity, I is the intensity leaving the sample, A is known as the absorbance of the sample, ε is the extinction coefficient characterised by the uv-absorbing DNA molecules, c its molar concentration and L the pathlength traversed by the photon. For a given sample, both A and ε depend on the wavelength of radiation chosen and nature of the solvent.
For the sake of concreteness let us choose a 10 −10 M concentration for the aqueous solution of synthetic DNA of 10 base pairs (1 base pair ∼ =600m H where m H is the mass of a hydrogen atom) containing a single potential photolyase attachment site (two adjacent thymines), for which ε ∼ = 10 5 M −1 cm −1 at 260 nm; for a pathlength of 1 = 10 cm, A turns out to be 10 4 . Higher concentrations of DNA would make the attachment of photolyase too fast for our purpose.
It is helpful to start with the DNA site concentration far in excess of the photolyase so that the second order rate law effectively simplifies to a pseudo first order one. That is , in Eq.(3) the product of k and S 0 ( ∼ = [S] t )becomes the new first order rate constant. With a 10 −10 M concentration for the 10 base pair DNA, one may choose a 10 −12 M initial concentration of photolyase which can be determined with reasonable accuracy in the case of a carbon radioisotope labelled photolyase (22) . Now let us calculate the number of uv photons around 250-270 nm required to completely convert all the adjacent thymines into dimers in the 10 base pair DNA molecules in an aqueous solution of volume 1mm x 1mm x 10 cm (pathlength). Since A = 10 −4 , this means 0.023% of the incident uv photons are absorbed by such a solution. Absorption of an uv photon does not necessarily lead to the formation of a pyrimidine dimer in a DNA molecule. Like any photoreaction, the amount of pyrimidine dimer formed depends on a quantum yield φ, which is the ratio of the number of photons used in the reaction to the number of photons absorbed. For a quantum yield φ = 0.015 observed in case of polynucleotides (23), it can be calculated that 1.74 × 10 15 incident uv photons are required to convert all the adjacent thymines in the solution whose geometry is described above. This means that if the source had emitted a pulse of 10 9 γ photons, the resulting 10 15 uv photons are sufficient to convert a sizeable fraction of the DNA molecules into potential photolyase attachment sites.
Such a solution containing 10
−10 M of 10 base pair DNA and 10 −12 M of photolyase is left exposed (in conjunction with the CsI arrangement indi-cated earlier) to a source which has a probability of emitting a pulse of 10 9 γ photons. To find out whether after a certain time the source has actually emitted the pulse, one can subject the above solution to the following procedure. By withdrawing aliquots (random portions of the sample) from the solution at various times and running them through a polyacrylamide gel (24) , two radioactively labelled bands will result if the source had emitted photons : one corresponding to the unbound enzyme (P 0 − [P S] t ) and another to the uv-damaged DNA bound photolyase ([P S] t ) which is heavier. By comparing the proportion of the photolyase in these two bands (measuring the radioactive counts from them) we can estimate k and t 0 using Eq. (4) for measurements at any pair of elapsed times t 1 , t 2 provided S 0 is much greater than P 0 (pseudo first order situation). This condition is satisfied by the concentrations chosen. Then Eq.(4) simplifies to
For any two instants t 1 , t 2 using Eq.(6)
It should be noted that the operational significance of t, t 1 , t 2 occurring in Eqs. (4), (6), (7) is that they refer to the instants of running the withdrawn aliquots through a photolyase gel (not the instants of their withdrawal from the solution), since t, t 1 ,t 2 are the instants till which the photolyase attachment goes on before the separation between unbound and bound photolyase is made. Since LHS of Eq. (7) is experimentally known, (S 0 k) can be calculated which then enables one to estimate t 0 from Eq.(6) for either t 1 or t 2 . The half life associated with the pseudo first order process corresponding to Eq.(6) is given by ln2/(S 0 k). Substituting the values for S 0 and k mentioned earlier, this ranges from 57 to 83 minutes. Thus it is feasible to ensure a reasonably sufficient time before [P S] t reaches a plateau. One can therefore increase the accuracy in estimating t 0 by having more withdrawals and data at different times.
In the situation where the condition for the pseudo first order rate law is not valid, one can still use Eq.(4) for estimating t 0 but then the procedure is more complicated requiring data for three different time points. Also note that the time required for the formation of uv induced pyrimidine dimer in a DNA molecule is known to be exceedingly small, ∼ 10 −14 s(25); hence this period can be ignored in arguing that t 0 itself signifies the registration of the relevant outcome.
To summarise, the preceding arguments show that the Rate Eq.(3) (whose various forms are Eqs. (4), (6)) entails the occurrence of t 0 which is empirically determinable. In the context of our example and the quantum measurement problem, t 0 has a particular factual significance as the instant of recording the outcome that a source has emitted a photon pulse. This is because t 0 signifies the onset of a discernible heterogeneity (mixed state) from an initial homogeneity (pure state). This physical significance of t 0 needs to be accommodated within the framework of quantum mechanics. To what extent the various models / interpretations of quantum mechanics can address this issue calls for careful scrutiny.
Our scheme is in a sense analogous to retrodictively inferring the time at which a cat had expired upon the emission of a photon in Schroedinger's famous thought experiment (the so-called "cat paradox" (26)); say, by monitoring the relevant physiological parameters such as temperature of the cat. This hitherto unexplored twist to Schroedinger's "cat paradox" becomes amenable to controlled experimental studies using our scheme involving biomolecular systems. Investigations along this direction should be valuable in analysing the quantum measurement problem, particularly in such mesoscopic regimes.
